In the environmental risk assessment of oil fields, a detailed knowledge of the heterogeneity of groundwater surfaces is absolutely indispensable. Based on theoretical considerations, in order to analyse small-scale heterogeneities, we decided that the Sequential Gaussian Simulation (SGS) approach seemed to be the most appropriate one. This method gives preference to the reproduction of small-scale heterogeneities at the expense of local accuracy. To test whether this kind of heterogeneity of the groundwater level corresponds to sedimentological variability, a point bar of the River Tisza (South-Hungary) was chosen. In variograms, the longest range was derived from the large-scale sedimentological heterogeneity of the point-bar, the medium range was in accordance with the radius of the meander and its direction coincided with the depositional strike of the meander, while the shortest range corresponded to the lateral heterogeneity of the deposits where the ground water level was measured. The similarities and differences of the realizations of SGS express the uncertainty of the map representation of the ground water surface. The E-type estimates of 100 equiprobable realizations resulted in a very detailed surface. The hydraulic gradient map obtained from the E-type estimates can provide us with a better understanding of the local flow characteristics.
INTRODUCTION
The environmental risk assessment of oil fields highly requires a detailed knowledge of the heterogeneity of groundwater surfaces (Vaanlocke et al., 2010; Balderacchi et al., 2013) . In many cases the contamination caused by leaks can only be identified after it has appeared in the groundwater or on the surface. Therefore, the spatialtemporal analysis of the surface of chemically aggressive groundwater could help one pinpoint the most probable location of a natural pipeline leak.
In order to monitor a particular environmental system, we chose the kind of methods suitable for data gathering and analysis. The primary goal of any monitoring activity is partly to locate the source of contamination, and partly to analyse its lateral and vertical dispersion. The ground water surface can be measured only in groundwater monitoring well, therefore the database can contain real data for these points. The groundwater level has to be estimated for other point.
In the "traditional" gridding or triangulation method, the numerical inter/extrapolations are formulated according to the method of least squares estimation. The aim of such methods is to improve the local accuracy and demonstrate the regional tendencies (Journel, 1987; Deutsch and Journel, 1998) . In this case, the traditional estimation approaches act as "low-pass filters", filtering out the small-scale heterogeneities affecting the principal tendencies. Kriging has become a very popular estimation method (Theodossiou, 1999; Theodossiou and Latinopoulos, 2006) , and it has this filtering property. The kriged surfaces (i.e. surfaces with different geological attributes) appear unnaturally smooth, and the resulting flow and transport dispersion are systematically underestimated (Deutsch, 2002) .
The stochastic simulations differ from kriging approaches in the following ways (Carr and Myers, 1985) :
In most interpolation algorithms (e.g. kriging) the goal is to find the "best" local estimate of the variable without specific regard to the resulting spatial statistics of the estimates taken together. In the solution, the reproduction of global features and statistics (histogram, variogram) take precedence over the local accuracy.
Based on the simulated groundwater surface, the analysis of contaminant dispersion could also be improved. Hence knowledge of the actual position of the groundwater level as well as its flow path may reduce the environmental risk associated with the joint (combined?) effects of a high groundwater level and other natural corrosives.
STUDY AREA
The largest mining and industrial area of the southeastern part of Hungary is the Oil and Gas Plant of MOL (Hungarian Oil and Gas Co.). Here almost every aspect of hydrocarbon exploitation, pipeline transportation and oil processing is carried out (Fig. 1) . Fig. 1 The area surveyed on a Landsat TM 453 (RGB) color composite. The oil, gas and thermal water wells labeled by yellow circles (Mucsi et al., 2004) Within the area surveyed, 100 or even 1000 km long oil and gas plant pipeline networks have been installed below the surface. In the neighbourhood of a pipeline leak, the environmental damage caused can be quite serious. For networks that were built a few decades ago, systematic pipeline monitoring should be performed due to frequently occurring natural leaks.
In the area surveyed, a fairly dense pipeline network links the production wells with tank farms. This area is part of the recent valley of the River Tisza. The oil and gas production here, which began in the 1960's, has significantly altered the former agrarian landscape (Fig. 2) .
However, agricultural activity has continued in parallel with mining and oil processing (see Fig. 3 ). Therefore the risk of a pipeline leak is not just real for MOL, but also for farmers. For the latter group, lower harvest yields due to poorer soil and groundwater quality may be two great causes for concern.
At the end of the last century and beginning of this century, the repeated occurrence of a record high water level of the River Tisza, a high groundwater level (see Fig. 4 ) and the extremely dry summers may actually be the consequences of a changing global climate, and justify the need for a more conscious use (pro-active stewardship?) of our environment. On the surface, Holocene sand, silt and clay can be found owing to fluvial sedimentation. Based on sediment profiles obtained from the wells below the upper silty sandy lens-like series, a laterally extended silt layer appears 4-5 metres beneath the surface, which can be regarded as a flood plain deposit. Under this series, Late Holocene fluvial sand dominates.
Originally the monitoring system consisted of 25 wells. Since they are located in a cluster, we decided to supplement the original monitoring system with 17 new wells (Fig.5) . 
THEORETICAL CONSIDERATIONS
In general, the ground water level is determined by hydrological processes like precipitation (more precisely, its annual and long-term distribution), evaporation, transpiration, and pedological-sedimentological and topographical conditions.
Here, the heterogeneity of pedological or sedimentological factors may be the biggest two factors among the processes of this multivariate system. Unfortunately, this heterogeneity is not properly reflected in the maps of the groundwater surfaces.
The purpose of this study is to demonstrate a mapping process of the groundwater level that is in consistent with small and medium scale sedimentological heterogeneity by using Sequential Gaussian Simulation (SGS, Deutsch and Journel, 1992) . For this purpose a recent point bar sedimentary body of the River Tisza (Hungary) was chosen.
The scales of sedimentological heterogeneity in a point bar
In the idealized cross section of a point bar, the following four basic units can be identified: (1) channel lag deposits, (2) laterally accreted bar deposits with accretion surfaces, (3) a natural levee, and (4) a flood plain series (Fig. 6) . The bar sequence itself can be subdivided into (a) a lower point bar and (b) upper point bar series (Fig. 6) .
It is well known that the effective porosity and permeability of a sediment are partly determined by sedimentary textures and structures that permeate the pore space distributions. The influence of sedimentary structures and textures on permeability is very significant, not just for the absolute values but also for the anisotropy. A quite trivial consequence of this fact is that the steady state level of a groundwater surface can vary according to the sedimentary structures and textures of the actual deposits. According to the basic rule of sedimentology (Walter's facies law), lateral facies also occur superposed upon one another. It means that the vertical heterogeneity depicted in Fig. 5 can also horizontally affect the spatial position of the groundwater level. The lateral scale of this heterogeneity can vary from a few metres to tens or hundreds of metres (Pryor, 1987; Mial, 1996) . However, according to the GPR images, there is a textural variability that has a range of a few hundred metres to a few kilometres.
Summarizing the points above: in the point bar sedimentary bodies, the lateral variability of sedimentary features can manifest itself on two different scales. They range (1) from several metres to tens or hundreds of metres and (2) from several hundred metres to several kilometres. The basic unit associated with this scale (1) is the scale of the principal sedimentary structure, while for scale (2) the basic unit is the distance between two neighbouring accretion surfaces. 
The ground water level treated as a regionalized variable
When viewed mathematically, two statements can be derived from the above description. They are: (1) The ground water level is a spatial property that can be regarded as a random variable at each data point; (2) There is a spatial relationship associated with these random variables. The first statement follows from the variability of the textural characteristics of the sedimentary body containing the initial water table. The second statement is a consequence of the fact that a point bar is the result of spatially interacting processes. That is, according to the definition given by Cressie (1991) , the water table level is a regionalized variable.
A map of absolute position of a ground water level fixes the water table in the real spatial position. This kind of map is a plot of a three-variable function, which gives an estimate of the real position, or more precisely one realization of the several existing estimates.
By continuing this process, the "smooth" surface in Fig. 7 tells us that the variability of hydrological elements affecting the water table is "not too large". This then leads us to ask the following question: "Is the smooth surface simply the result of the gridding technique we applied?" Thus, traditional methods like kriging are really appropriate for describing large-scale heterogeneities. For point bars the latter ranges from a few hundred metres to a few kilometres. The small-scale heterogeneities are simply filtered out via these estimations. In fact the traditional gridding techniques honour the large-scale features quite well. For example, in Fig. 7 the lateral accretion surfaces are clearly recognizable. To overcome the above drawbacks, several methods for stochastic simulation have been developed and they have been regularly used in the mapping of reservoir properties in the oil industry since the mid 1980's, but they have been widely applied in the environmental sciences as well (Webster and Oliver, 2001 ).
THE APPROACH WE ADOPTED

SGS in general
Let us define a regionalized variable (RV) and call it z(u). Stochastic simulations are methods in which alternative and equally probable high resolution models of spatial distribution of the z(u) are generated. The realizations obtained from them are called stochastic images. If the realizations honour the input data (the data points), the simulation is called conditional.
For the local set of data and conditional statistics, kriging is used as an interpolation technique which provides a simple numerical method that is the "best" in the sense that it is accurate locally. Simulation provides several alternative but equally probable models, all of which are the "best" reflection of reality in a certain global sense.
The differences between the realizations offer an opportunity for measuring the spatial uncertainty.
The Gaussian simulations honour the covariance model of the data points. This is why they are suitable for modelling processes with an extremely large continuity. Let us define the common distribution of an RV by Zi (i=1,2,..,N). That is, according to the above theory, let us take the data of all available points and consider the conditioning of this N RV for each type of n data sets. The corresponding conditional cumulative distribution function (CCDF) for this is:
If the ground water table is treated as regionalized variable, this variable must be a random variable for any given data point. That is, in the infinitesimally small neighbourhood of any data point it will have a random value. Hence the data-point value is nothing else than a random value of the corresponding RV derived from the distribution function of the infinitesimally small neighbourhood. If processes controlling the ground water table are homogeneous in the region being analysed, then the cumulative distribution function (CDF) surrounding any set of data points can be assumed to be the same as that of over the whole given region. By applying a normal score transformation on the data set, this distribution can be represented in analytical form as well. As is well known, the first two moments determine the normal distribution. This fact was incorporated in the implementation of SGS (Carr and Myers, 1985) .
SGS is a widely used simulation technique for extreme continuous data (e.g. porosity). Details of the various implementations are given in Deutsch and Journel (1998) , and in Deutsch (2002) .
In essence, SGS models the method of iteration, since the estimation of a grid point is done based on the result of the previous step. This view corresponds to the fact that a contour map is unbiased only after the grid estimation method has been fixed (Brooker, 1979) .
The expected value (more precisely, the "expected surface") of the series of realizations is the most characteristic spatial distribution that describes "reality".
The difference between the realizations reflects the uncertainty of the mapping of the property being studiedin our case, the surface of the water table. This uncertainty is independent of the accuracy of the measurement of the Fig. 7 Appearance of the lateral accretion surfaces on the water table contours
The advantages of using sequential stochastic simulations when mapping small-scale heterogeneities of the groundwater level water table taken from each well. In fact, this uncertainty depends just on the heterogeneity of hydrological factors and the way in which this heterogeneity can be described using available well geometry.
Pre-processing: the steps involved
The first phase was an analysis of the lateral distribution and probability distribution of the data (Fig. 8a-b) . In the second phase, two things became immediately apparent:
(1) the peculiar clustering of data points; (2) the observation that there are many wells in each cluster, and these have significantly different data values (Fig. 8a) . However, the probability distribution of data is quite symmetrical (Fig.   8b ). This clustering appearance of wells is fairly common around artificial objects, where small distant wells serve the purpose of environmental protection while the larger distance wells were built for water table observations. However, this may cause problems in mapping, because the clustered wells will shadow the nearby grid points with their own values. Hence the contours will not reveal the true situation. At the same time, this geometry will also affect the relative frequency histogram of the water table values. However, applying a special declustering technique can resolve this problem (Deutsch and Journel, 1998) . With this method an appropriate grid system is placed over the area where (in such a way that?) the clustered wells can be sepa- Fig. 9 The variogram surface and the variogram model Fig. 8 The first steps of the geostatistical analysis rated into individual wells. Then some weighting factors can be derived which are small for the very close wells and become larger with increasing distance. In this way the shadow effect of closer wells can be eliminated. In our case the declustering method gave 500 m as the most appropriate cell distance (Fig. 8c) . The result of the normal score transformation is shown in Fig. 8d . Fig.10 The empirical (a) and model variogram surfaces (b)
Variography
Our analysis of the spatial continuity of the water table was aided by variography. A variogram surface was used for the visual examination of continuity directions (see Fig. 9a ). This method identified a principal direction of NE-SW. The smallest continuity may be identified in the NW-SE direction (Fig. 9b) . These directions appear on the smooth surface of the water table as well (see Fig. 7 ). As mentioned previously, this feature corresponds to the lateral accretion surfaces of the point bar.
The second figure here shows a variogram model based on the experimental data. As you can see, this is a nested structure consisting of three units. The first component has a range of 250 m. The second one has a range of about 3.800 m, while the third has a range of 4.100 m. Most likely, the latter is indicated by the 'smooth' map of the water table surface.
The largest range is almost equal to the length of the point bar, so it may be related to the large-scale process that forms the point bar sedimentary body. The second largest range is quite similar to the previous one and may be related to the effect of a bend in the river channel going in a SE direction. But the smallest range (250 m) may not be caused by hydrological effects at all, but by sedimentological effects. This may be the result of internal heterogeneity of the point bar affecting the surface of the water table. Hence it is the heterogeneity which was really the object of this study. Fig. 10a depicts the spatial continuity outlined above, while the second figure shows the variogram surface obtained from the variogram model (Panattier, 1996) . The similarity is obvious here.
Realizations and simulation uncertainties
From the SGS, 100 equally probable realizations were generated. Fig. 11 shows 3 of the resulting one hundred images. As can be seen, there are regions where the realizations are not too different. This is caused by the locally low uncertainty of the lateral interpolation (Journel, 1993) . The advantages of using sequential stochastic simulations when mapping small-scale heterogeneities of the groundwater level The one hundred realizations provide one hundred values estimated for each grid node. This number is quite sufficient to compute the cumulative distribution around an infinitesimally small neighbourhood of each grid point. That is, there is a possibility of estimating not just the expected value, but also the lower and upper bounds of the confidence interval for each grid node. Moreover, we have a way of explicitly answering questions like "How can we calculate the lateral distribution of probabilities associated with the water table level at 72 cm below the surface?" and "Which regions with a water table of 85 cm have a probability value of 0.8?". Fig. 12 shows the predicted value map of the relative water surface (i.e. its depth below the surface), while Fig.  13 shows the surface of the water table above the Baltic Sea. The 'smooth surface' obtained by traditional kriging and the one obtained by the E-type estimates (expected values) of the SGS are compared in Fig. 14a and Fig. 14b , respectively. Fig. 14b highlights the local effects of underground flow systems. The advantages of this approach in the three-phase flow simulation were described earlier (see, for instance, Geiger and Komlosi, 1996) . Their observations confirmed that these approaches make the flow simulations more effective (than earlier approaches?). 
CONCLUSION
Within the area surveyed, 100 or even 1000 km long oil and gas plant pipeline networks have been installed below the surface. The spatial-temporal analysis of the surface of chemically aggressive groundwater helped one pinpoint the most probable location of a natural pipeline leak. Originally the monitoring system consisted of 25 wells. Since they are located in a cluster, the original monitoring system was supplied with 17 new wells whose locations were calculated with geostatistical analysis. The ground water level was measured monthly in these wells and Sequential Gaussian Simulation was used to demonstrate a mapping process of the groundwater level that is in consistent with small and medium scale sedimentological heterogeneity. A map of absolute position of a ground water level fixed the water table in the real spatial position. The developed map was a plot of a threevariable function, which gave an estimate of the real position, or more precisely one realization of the several existing estimates. The analysis of the spatial continuity of water table was aided by variography. A variogram surface was used for the visual examination of continuity directions. This method identified a principal direction of NE-SW. The smallest continuity was identified in the NW-SE direction. These directions appear on the smooth surface of the water table as well In variograms, the longest range was derived The advantages of using sequential stochastic simulations when mapping small-scale heterogeneities of the groundwater level from the large-scale sedimentological heterogeneity of the point-bar, the medium range was in accordance with the radius of the meander and its direction coincided with the depositional strike of the meander, while the shortest range corresponded to the lateral heterogeneity of the deposits where the ground water level was measured. The similarities and differences of the realizations of SGS expressed the uncertainty of the map representation of the ground water surface. The E-type estimates of 100 equiprobable realizations resulted a very detailed surface. The hydraulic gradient map obtained from the E-type estimates determined the local flow characteristics. The subsurface contamination can spread along these pathways, so it can get far distance from its source.
